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ABSTRACT 
How and why a polypeptide chain adopts a particular pathway 
foV"metamorphosing into a fully functional native state? What are the 
forces involved in the folding of any polypeptide chain? Is there any 
generalized scheme that different polypeptide chains adopt for their 
folding or is it that different polypeptide chains take up different 
pathways, depending upon the nature of constituent amino acids. 
All these queries form the basis of folding studies that are being 
undertaken to understand protein folding in a holistic manner. 
Over the years, different models have been postulated to 
elucidate/generalize the protein folding pathway. One of the models 
suggests the formation of stable intermediate state/MG states during 
the formation of folded conformation from nascent polypeptide chain 
(s). The MG state has been shown to have a compact collapsed 
structure with pronounced secondary structure but largely disordered 
tertiary structure. The work involved in this thesis attempts to 
characterise such intermediate/MG states. Also a novel, mannose/ 
glucose specific lectin has been purified from hitherto un-investigated 
source, the seeds of Trigonella foenumgracum. 
Of the three parts in which this study is divided, the first part 
(chapter-2) investigates the effect of different co-solvents/solutes on the 
TCA-induced state of Horse heart cyt. c (type 111). The effect of 
polyethylene glycols (PEGs) i.e. PEG-200 and PEG-400; salts i.e. K^ Fe 
(CN)6, KCIO4, K2SO4, and KCl and alcohols i.e. butanol, propanol, 
ethanol and methanol was studied on TCA - unfolded Cyt.c by various 
spectroscopic techniques. The near- and far-UV CD spectra showed a 
significant loss of tertiary and secondary structure in the TCA-unfolded 
state, although the protein was relatively less unfolded as compared to 
conformation at pH 2.0. Addition of 70% (v/v) polyols to TCA-
unfolded Cyt c resulted in an increase in ANS binding and MRE at 222 
nm, indicating an increase in compactness with enhanced exposure of 
hydrophobic residues. Also, the stabilizing effect of salts and alcohols 
on the TCA-induced state was studied and compared with their effect 
on trifluorcacetic acid-unfolded state of Cyt c. Among all the polyols, 
salts, and alcohols studied, PEG-400, K3[Fe(CN)A], and butanol were the 
most efficient in inducing secondary structure in TCA-induced state. 
The second part of the study (chapter 3) involves the 
c. aiacterization of a MG-like state in a tetrameric legume lectin. Con A. 
Con A mainly possesses antiparallel P pleated sheets which are 
connected to eeich other by loops; there is only a single turn of the 
polypeptide chain resembling an a helical sequence. About 64% of the 
residues in Con A are engaged in the formation of such structural 
motifs and it undergoes structural transitions in the pH range 4.5-6.5 
from a dimeric to a tetrameric structure. We studied the transitions 
involved in Con A under various experimental conditions and the effect 
of such transitions on its binding to the Sephadex G-50, as well as its 
behaviour under various relatively denaturing conditions. The pH 
dependence of the intrinsic as well as extrinsic fluorescence was 
correlated with the pH-dependent conformational changes in Con A. 
The alkaline pH was found to induce conformational changes in Con A, 
leading to the formation of a MG-Iike state at pH 12.0. 
Subsequent to these MG-state characterization studies, a 
mannose/glucose-specific lectin was purified from the seeds of 
Trigonella foenumgraecum and characterized by various spectroscopic 
methods. The lectin was isolated and purified by acid precipitation, salt 
fractionation, and affinity chromatography on mannan cross-linked 
agarose. SDS-PAGE revealed a single band corresponding to a 
molecular weight of 27.35 kDa. The Gel filtration studies revealed that 
the lectin is a dimer with a molecular weight of 52.7 kDa. The lectin 
agglutinated trypsin-treated rat erythrocytes. Sugar specificity as 
determined by hemagglutination inhibition assay indicated that the 
lectin belongs to a mannose/glucose-specific group. 
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ABSTRACT 
How and why a polypeptide chain adopts a particular pathway 
for metamorphosing into a fully functional native state? What are the 
forces involved in the folding of any polypeptide chain? Is there any 
generalized scheme that different polypeptide chains adopt for their 
folding or is it that different polypeptide chains take up different 
pathways, depending upon the nature of constituent amino acids. 
All these queries form the basis of folding studies that are being 
undertaken to understand protein folding in a holistic manner. 
Over the years, different models have been postulated to 
elucidate/generalize the protein folding pathway. One of the models 
suggests the formation of stable intermediate state/MG states during 
the formation of folded conformation from nascent polypeptide chain 
(s). The MG state has been shown to have a compact collapsed 
structure with pronounced secondary structure but largely disordered 
tertiary structure. The work involved in this thesis attempts to 
characterise such intermediate/MG states. Also a novel, mannose/ 
glucose specific lectin has been purified from hitherto un-investigated 
source, the seeds of Trigonella foenumgracum. 
Of the three parts in which this study is divided, the first part 
(chapter-2) investigates the effect of different co-solvents/solutes on the 
TCA-induced state of Horse heart cyt. c (type III). The effect of 
polyethylene glycols (PEGs) i.e. PEG-200 and PEG-400; salts i.e. K3 Fe 
(CN)6/ KCIO4, K2SO4, and KCl and alcohols i.e. butanol, propanol, 
ethanol and methanol was studied on TCA - unfolded Cyt.c by various 
spectroscopic techniques. The near- and far-UV CD spectra showed a 
significant loss of tertiary and secondary structure in the TCA-unfolded 
state, although the protein was relatively less unfolded as compared to 
conformation at pH 2.0. Addition of 70% (v/v) polyols to TCA-
unfolded Cyt c resulted in an increase in ANS binding and MRE at 222 
nm, indicating an increase in compactness with enhanced exposure of 
hydrophobic residues. Also, the stabilizing effect of salts and alcohols 
on the TCA-induced state was studied and compared with their effect 
on trifluoroacetic acid-unfolded state of Cyt c. Among all the polyols, 
salts, and alcohols studied, PEG-400, K3[Fe(CN)6], and butanol were the 
most efficient in inducing secondary structure in TCA-induced state. 
The second part of the study (chapter 3) involves the 
characterization of a MG-like state in a tetrameric legume lectin. Con A. 
Con A mainly possesses antiparallel P pleated sheets which are 
connected to each other by loops; there is only a single turn of the 
polypeptide chain resembling an a helical sequence. About 64% of the 
residues in Con A are engaged in the formation of such structural 
motifs and it undergoes structural transitions in the pH range 4.5-6.5 
from a dimeric to a tetrameric structure. We studied the transitions 
involved in Con A under various experimental conditions and the effect 
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of such transitions on its binding to the Sephadex G-50, as well as its 
behaviour under various relatively denaturing conditions. The pH 
dependence of the intrinsic as well as extrinsic fluorescence was 
correlated with the pH-dependent conformational changes in Con A. 
The alkaline pH was found to induce conformational changes in Con A, 
leading to the formation of a MG-like state at pH 12.0. 
Subsequent to these MG-state characterization studies, a 
mannose/glucose-specific lectin was purified from the seeds of 
Trigonella foenumgraecum and characterized by various spectroscopic 
methods. The lectin was isolated and purified by acid precipitation, salt 
fractionation, and affinity chromatography on mannan cross-linked 
agarose. SDS-PAGE revealed a single band corresponding to a 
molecular weight of 27.35 kDa. The Gel filtration studies revealed that 
the lectin is a dimer with a molecular weight of 52.7 kDa. The lectin 
agglutinated trypsin-treated rat erythrocytes. Sugar specificity as 
determined by hemagglutination inhibition assay indicated that the 
lectin belongs to a mannose/glucose-specific group. 
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Chapter-1 
Introduction 
The elucidation of the protein folding process i.e., the sequence of 
events through which an unstructured polypeptides chain attains its 
native conformation, is a long standing issue in Biophysics. Though 
many models of protein folding have been proposed, our 
understanding of the folding process is largely based on the 
interpretation of thermodynamics and kinetcs from a simple protein 
folding model [1-11]. 
Protein Folding Models 
Over the years, the theories that have been postulated in order to 
justify the folding pattern of proteins mainly include: 
Random search and the Levinthal paradox 
Various recent review^s on protein folding models have been 
documented [3,12], with Levinthal Paradox as one of the important 
models, which ascertains that had folding be a random process, 
it would require too much time for a protein to attain its native 
conformation [13]. For example in a 100-residue protein, if each residue 
is considered to have just 3 possible conformations the total number of 
conformations of the protein would be 3^ 00. As conformational changes 
occur on a time scale of lO-''^  seconds, the time required to sample all 
possible conformations would be S^ oo x lO-i-^  seconds which is about 10^ 7 
years. Even if a significant proportion of these conformations are 
sterically disallowed the folding time would still be astronomical. 
However, proteins are generally known to fold on a micro-second 
to mili-second time scale which implies that certain energy barriers 
probably cause the protein to fold along a definite pathway. Although 
the Levinthal paradox has been resolved, the reasons for the differences 
in the folding behavior of individual proteins remain to be elucidated 
[14-17]. 
The nucleation-growth model 
The nucleation-growth mechanism of protein folding was for the 
first time explicitly considered in the paper of Shakhnovich and his 
collaborators [18]. According to this model, one or more critical kinetic 
nuclei are formed, around which the rest of the structure grows [19]. 
The folding starts from an unfolded chain, which fluctuates for a long 
time without the formation of a substantial part of the native contacts. 
Then, occasionally the chain achieves a state in which a definite set of 
native contacts are formed. After the folding reaches this point, the 
polypeptide chain attains the native conformation quite fast. Thus, the 
rate-limiting step of the folding on these chains is the formation of the 
initial complex of native contacts (folding nucleus), which instantly 
grows up embracing the whole molecule. It is important to emphasize 
that a folding nucleus is not identical with the transition state (i.e., with a 
barrier between unfolded and folded states). In fact, there is a family of 
transition states while the folding nucleus is the common part of all 
these states. 
Hydrophobic collapse 
According to the hydrophobic collapse model [20], the 
hydrophobic effect is considered to be the driving force for folding, 
squeezing out water in a nonspecific manner, and the subsequent 
rearrangement of the collapsed state is the rate limiting step. This 
model predicts an intermediate state called molten globule, which has 
been characterized both kinetically and at equilibrium as an expanded 
form of the native state [21, 22]. For example the protein a-lactalbumin 
forms a molten globule state at low pH, known as the A-form. The 
NMR studies have shown that the A-form contains at least 2 of the 
helices present in the native form and similar intermediates form 
during folding. 
Nucleation condensation mechanism 
The time required for complete folding, which is in good 
agreement with that observed in experiments on small proteins by the 
nucleation-condensation mechanism [23-26], largely unifies the classical 
nucleation-growth mechanism with the hydrophobic collapse model. In 
contrast to the well-defined protein-folding nucleus in the nucleation-
growth mechanism [19], the folding nucleus of the nucleation-
condensation mechanism is diffused and initially consists of several 
neighbouring amino acid residues whose conformations are stabilized 
by long-range interactions. An essential component of this mechanism 
is the concurrent formation of secondary and tertiary structures. 
The framework model 
The Framework model describes a step wise mechanism to 
greatly narrow the conformational search. The model envisages [27] the 
formation of secondary structure elements followed by the docking of 
those elements to form tertiary interactions in the rate limiting step. 
The framework hypothesis was boosted when it was found that protein 
fragments corresponding to secondary structure elements could be 
partly folded in the absence of tertiary interactions [28, 29]. Folding 
begins by formation of 'flickering clusters' of secondary structure 
elements which are stabilized by packing together, leading to complex 
tertiary structures [30, 31]. 
Energy landscape and funnel theory 
The term "new view" stresses the possibility of a diverse "myriad 
of pathways" with "delocalized" transition states. The central feature of 
the new view is the replacement of the pathway concept with 
picturesque funnel diagrams to illustrate features of protein folding and 
the role of ensembles [32]. In this view, energy landscapes are used to 
describe the kinetics and thermodynamics of the folding reaction. These 
landscapes are funnel-shaped, with slopes displaying varying degrees 
of roughness [33]. The drive for a protein to fold to its native state 
originates from a strong slope of the energy landscape toward native 
conformations. However, the roughness of the energy landscape could 
render the folding reaction less effective, a phenomenon called 
frustration. The concept of frustration reflects the inabihty of a protein to 
energetically satisfy all its interactions in any given conformation. 
Frustration in protein folding landscape arises both from topological 
and sequence specific energetically traps inclining proteins to 
accumulate intermediates during folding, rendering the process less 
efficient [34]. The most stable state is then the structure maximizing the 
fraction of attractive interactions, which is the minimally frustrated 
structure. 
Implications of protein folding studies 
• For understanding the structure-function relationships of 
proteins, the folding studies are an important pre-requisite. 
The challenge of protein-folding studies is to predict protein 
structure accurately. To be able to predict the structure of the 
protein from just the amino-acid sequence would have 
tremendous impact in all of biotechnology and drug design. 
• Solving the folding problem has enormous implications in 
therapeutics; potential candidates for drugs can be designed 
through stimulation studies, without a great deal of 
experimentation. For the pharmaceutical industry, this holds the 
prospects of greatly reducing the cost of developing novel drugs. 
• Designing proteins with novel biological function is one of the 
major focus areas in applied protein chemistry and for this 
purpose one should know how each amino acid contributes to the 
structure and native fold. Modification of proteins can also be 
carried out by altering the primary sequence and seeing the 
consequent effect on the structure and folding. 
Also, the expression of recombinant genes often leads to 
the production of inclusion bodies that are insoluble and inactive 
forms of expressed protein. In fact, a major obstacle for protein 
production processes and a limit to overall success has been the 
abundance of misfolded polypeptides, which fail to reach their 
native conformation. Apart from severely affecting the yield 
during the production of recombinant proteins, the inclusion 
bodies/misfolded polypeptides causes considerable stress in host 
cells [35]. These misfolded proteins have to be made active for 
which protein folding studies are required. 
Though protein folding is a remarkably efficient process, but 
sometimes it may go wrong and lead to harmful consequences. 
Though intermediates play a relevant role in the folding process; 
many diseases of genetic nature are in fact couple with protein 
misfolding due to formation of stable, inactive intermediate 
species of the protein [36-38]. For example, an incorrect folding of 
proteins is thought to be the cause of diseases, such as 
Alzheimer's disease and cancer. Protein folding studies help in 
better understanding of such diseases caused due to aggregation 
and misfolding of the native functional protein into an inactive 
disease causing form. 
Formation of amyloid fibrils also causes disorders such as 
scurvy, cystic fibrosis etc. The amyloid and prion diseases appear 
to result from conversion of one of the soluble and functional 
proteins into (3-sheet rich quaternary structures that are often 
fibrillar and this occurs at low pH or under denaturing 
conditions. Protein folding studies also help to understand how 
some human proteins undergo conformational changes that 
render them pathogenic. 
Significance of Characterising folding intermediates/ 
MG states 
During studies of protein folding it was recognized that 
intermediate states showing many of the properties of the native fold 
could be identified. This state, called as MG state, is characterized by a 
compact structure, containing most elements of secondary structure as 
helices, turns and strands, although many long range or tertiary 
contacts are lacking. The MG state has a hydrophobic core consistent 
with burial of non-polar side chains away from the solvent. 
Studies of a-lactalbumin using circular dichroism under 
denaturing low pH (<4) conditions revealed formation of a stable 
intermediate state that was distinguishable from the native and 
unfolded states by possessing far-UV CD spectra resembling the native 
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fold but an unfolded-like near-UV CD spectrum [39, 40]. In other 
words, it appeared to possess considerable secondary structure but no 
tertiary structure. Henceforth, similar forms have been identified 
during the folding of other proteins. Proteins showing MG/MG-like 
states include many familiar soluble proteins such as myoglobin, a-
lactalbumin, p-lactoglobulin, BPTI, cytochrome c and azurin, among 
others. It may be noted that the MG state of a protein is also shown to 
be present in the living cells where they are involved in many 
physiological processes [41]. The MG-like intermediates are also 
believed to be involved in protein translocation and membrane 
insertion [42]. 
Although the MG state was identified by its stability and 
presence at equilibrium under partially denaturing conditions, similar 
states have been detected in kinetic experiments. In particular stopped-
flow CD studies appear to show kinetic intermediates, populated 
during folding, possessing high levels of secondary structure yet 
lacking complete side chain packing and extensive tertiary structure. 
From a stopped flow-CD study of refolding of GdnHCl induced 
unfolded a-LA, Aria and Kuwajima [43] observed an intermediate state 
within the dead time of measurements and was called burst phase 
intermediate (BPI). The CD spectrum and the stability of the BPI were 
identical with the equilibrium MG state. 
Furthermore, Engelhard and Evans [44] by using stopped flow 
fluorescence technique showed that this species has maximum affinity 
for ANS binding, a hydrophobic probe widely used for detecting the 
MG state. Eliezer et al [45], Aral et al [46] and Chen et al [47] have 
studied kinetic refolding of protein by stopped flow X-ray scattering 
and showed that early refolding intermediate have MG-like 
compactness. These results strongly suggest the identity between MG 
state and the refolding BPl. The BPl has also been identified and 
characterized in many other proteins. Observations of MG-like BPl in 
these proteins indicates that it is a general folding intermediate in many 
proteins. Kinetic refolding a-LA from GdnHCl induced unfolded was 
also monitored with real time NMR by Balbach et al [48]. They found 
that ID NMR spectrum at the beginning of refolding was very similar to 
the spectrum of MG state. The refolding kinetic monitored by side chain 
proton signals in the ID NMR spectra and by main chain signals in the 
2D experiments are both coincident with the kinetics measured by CD 
and fluorescence. These results demonstrate that a-LA refolds through 
MG state. 
Pulsed-hydrogen exchange combined with multidimensional 
NMR or mass spectrometry is undoubtedly the most powerful 
technique for analyzing the conformational properties of protein 
ensembles [49-52]. The transient folding intermediate and the 
equilibrium folding intermediate were both characterized by hydrogen 
exchange techniques in many proteins and had been shown to be 
identical with each other by comparison of the hydrogen exchange 
profiles. In our lab. Khan R.H. and co-workers have identified and 
characterized molten globule state of more than 10 proteins under 
various solvent conditions [53-62]. These studies have led to the 
suggestion that MG/ MG-like intermediates form as part of the overall 
process of reaching the native state, and have provided a picture in 
which the formation of elements of secondary structure occurs prior to 
consolidation of the tertiary fold. Therefore, the detection and 
characterisation of stable folding intermediates has become an 
important tool in understanding the folding pathway of protein. 
In the first part of our study, we studied the effect of different co-
solvents/ solutes on the partially unfolded state of Cytc. Earlier, for 
characterising the MG states, monomeric proteins were selected and 
their folding pattern used to be monitored. However, of late, 
researchers have also analysed the folding behaviour of many 
multimeric proteins. In contrast to monomeric proteins, multimeric 
proteins are stabilized by both the intra-and inter-subunit interactions, 
involving both covalent and non-covalent linkages. In the second part 
of the study, we have characterized MG-like state of Con A- a 
tetrameric lectin, under alkaline conditions. Subsequently we purified 
and characterized a mannose/glucose specific dimeric lectin from the 
seeds of Trigonella foenumgraecum. 
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Chapter-2 
Comparative Study of Effects of 
Polyols, Salts, and Alcohols on 
Trichloroacetic Acid-Induced State of 
Cytochrome c 
INTRODUCTION 
Cytochrome c (Cyt c) is a small globular protein (104 amino acid 
residues, 12.7 kDa) carrying a large component of basic residues. It has 
been widely used as a protein folding model for kinetic as well as 
equilibrium studies. Fink et al. have classified Cyt c as type I protein 
based on its acid unfolding behavior [1-7]. At pH 2.2, Cyt c is 
substantially unfolded at low ioruc strength; upon addition of salts, the 
protein cooperatively folds to a compact structure, the A-state, which is 
stabilized by binding of anions to the positively charged groups on the 
protein surface [8, 9]. The A-state possesses helical structure comparable 
to that of the native state, but a fluctuating tertiary conformation 
[10, 11]. In particular, the hydrophobic core (containing the two major 
helices) and the heme group (stabilized by non-bonded interactions) are 
preserved in the A-state, while the loop regions are fluctuating and 
partly disordered. Of the two native axial ligands of the heme iron, only 
Hisl8 is thought to remain coordinated to the heme iron in the A-state, 
while the MetSO axial bond is lost [12-15]. Goto and collaborators [14] 
have shown that the charge density of the anions is the main 
determinant that stabilizes the A-state; the higher the charge, the lower 
the ion concentration needed to induce formation of the molten globule. 
Santucci et al. [11] have suggested that small anions induce formation of 
a compact, highly structured state, in which the native MetSO-Fe (III) 
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axial bond is recovered and the native like redox properties are 
restored. 
In native horse heart Cyt c, bonds between the heme and four 
amino acids (Cysl4, Cysl7, Hisl8, and MetSO) anchor the heme and, 
together with an extensive array of noncovalent side-chain contacts, 
these bonds help to make the internal structure relatively rigid around 
the heme. 
Recently, many detailed studies have been carried out on the acid 
induced state of cyt. c, and the effect of various mono-/multi-valent 
anions on the stability of cyt. c [16-20]. In the present study, we have 
investigated the effect of poly ethylene glycols (PEG-200 and PEG-400) 
on the TCA-induced state of Cyt c. Trifluoroacetic acid is a stronger 
denaturant than TCA, due to the presence of a fluorine group. 
A comparative study of the effect of salts and alcohols on TCA-induced 
state with Trifluoroacetic acid-induced state was also performed. 
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MATERIALS AND METHODS 
Materials 
Horse heart Cyt c was purchased from Sigma (USA). All the salts 
and alcohols used were procured from Qualigens (India). Reagents 
used were of analytical grade. For studying the effects of polyols, salts, 
and alcohols on the TCA-induced state of Cyt c, it was incubated at 
room temperature for 1 h in the presence of different concentrations of 
polyols, salts, and alcohols. 
Volumetric analysis 
The concentration of trichloroacetic acid was determined by 
titration with 0.1 M Na2C03 using methyl orange as indicator. The final 
concentration so obtained was 33 mM, which was then used to prepare 
3.3 mM TCA in order to unfold Cyt c [21]. 
Soret-absorption spectroscopy 
A Hitachi U-1500 single beam spectrophotometer was used to 
monitor the Soret absorption of the heme group at 410 nm, in a 10 mm 
pathlength cell. The concentration of native Cyt c was determined from 
the extinction coefficient of 106,000 M-^ cm-^  at 410 nm. 
Circular dichroism measurements 
A JASCO J-720 spectropolarimeter calibrated with ammonium d-
10- camphorsulfonate was used to measure circular dichroism. Protein 
concentration was 26 and 50 ]iM for far- and near-UV CD, respectively. 
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The results were expressed as the mean residue elHpticity (MRE), which 
was calculated by the following formula: 
MRE = Sobs (n^deg) / 10 x n x Cp x 1 
where 9obs is the CD in millidegree; n is the number of amino acid 
residues; 1 is the pathlength of the cell in cms and Cp is the mole 
fraction. 
Cm is defined as the midpoint of the transition at which half of 
the structure is induced in the presence of salts, polyols, and alcohols 
individually. From the MRE values obtained for the transition induced 
by salts and alcohols at fixed wavelength, the Cm values for respective 
salts and alcohols were calculated. 
The a-helical content of Cyt c was calculated from the MRE value 
at 222 nm using the following equation as described by Chen et al. [22]: 
% a-helix = (MRE222- 2340)/30,300 xlOO. 
Intrinsic fluorescence 
The fluorescence spectra were recorded on a Shimadzu RF-540 
spectrofluorimeter using a 10-mm quartz cell. Samples containing 
different concentrations of PEGs, salts, and alcohols were incubated at 
room temperature for 1 h before recording the tryptophan fluorescence. 
The excitation wavelength was 280 nm and the emission was recorded 
from 300 to 400 nm. The final protein concentration was 15 |iM. For 
each sample, a proper blank was taken into consideration. 
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Extrinsic fluorescence measurements 
A stock solution of l-anilino-8-naphthalene sulfonate (ANS) was 
prepared in distilled water and the concentration was determined using 
an extinction coefficient of 5000 M-^  • cm-^ at 350 nm. The molar ratio of 
protein/ANS was 1:50. The excitation wavelength was at 380 nm and 
the emission spectra were recorded in the wavelength range 400 to 600 
nm. The excitation as well as the emission slit width was 10 nm. The 
final protein concentration was 15 ]iM. It should be noted that organic 
solvents bind to ANS; therefore, to avoid anomaly, a proper blank was 
made for every point. 
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RESULTS 
In order to examine the effect of TCA on secondary structure of 
Cyt c, the protein was titrated against trichloroacetic acid. 
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Fig. 1. Cyt cfar-UV (a) and near-UV CD spectra (b): 1) acid unfolded state at pH 2.0, 10 
mM glycine HCl bujfer; 2) 33 niM TCA-induced state; 3) 3.3 niM TCA-induced state; 4) 
native state at pH 7.0, 10 mM sodium phosphate buffer. Protein concentration was 26 (a) and 
50 }iM (b). Hie pathlengtli was 0.1 (a) and 1 cm (b). 
Figure la shows the far-UV CD spectra of the native protein 
(curve 4), Cyt c at pH 2.0 (curve 1), Cyt c in 3.3 mM TCA (curve 3), and 
Cyt c in 33 mM TCA (curve 2). It was found that Cyt c at 3.3 mM TCA 
retains most of the secondary structure. Thus, it exists in a relatively 
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compact state as compared to the state attained in 33 mM TCA (curve 2) 
and at pH 2 (curve 1), respectively (Fig. la). Near-UV CD spectra (Fig. 
lb) show the loss of tertiary structure at 3.3 mM TCA (curve 3) as 
compared that of native protein (curve 4). The protein is relatively less 
unfolded as compared to 33 mM TCA (curve 2) and at pH 2.0 (curve 1). 
Thus, Cyt c at 3.3 mM TCA can be said to exist as a partially folded state 
with loss of tertiary structure. However, the presence of te'-tiary 
contacts cannot be ruled out. 
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Fig. 2. Cyt c fluorescence spectra, a) Tn/ptophnn fluorescence emission spectra of Cyt 
c: 1) in 10 mM phosphate buffer, pH 7.0; 2) in the presence of 3.3 niM TCA; 3) in the 
presence of 33 niM TCA; 4) acid-unfolded state at pH 2.0, 10 niM gli/cine-HCl buffer, b) 
ANS fluorescence emission spectra of Cyt c: 1) in 10 mM phosphate buffer, pH 7.0; 2) acid-
unfolded state at pH 2.0, 10 mM glycine-HCl buffer; 3) 33 mM TCA-induced state; 4) in 
presence of 3.3 mM TCA. Protein concentration was 15 iiM and pathlength was 1 cm. 
Cyt c is a heme protein in which the resonance energy of the 
tryptophan excitation is transferred to the heme resulting in quenched 
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tryptophan fluorescence with Xmax at 335 nm (Fig. 2a, curve 1). A red 
shift of 7 nm is obtained in the TCA (3.3 mM)-induced state with 
enhanced fluorescence intensity (curve 2). At pH 2.0, there was further 
enhancement in fluorescence intensity (curve 4), and it was almost the 
same as in 33 mM TCA (Fig. 2a, curve 3). In its native form, Cyt c 
showed negligible binding of ANS with emission maxima at 510 nm 
(Fig. 2b, curve 2), which is characteristic of free ANS in water (Fig. 2b). 
The fluorescence intensity was maximal in the TCA-induced state 
(curve 4) with a blue shift in emission maxima at 480 nm. Cyt c in 33 
mM TCA (curve 3) showed a decrease in fluorescence intensity 
followed by Cyt c at pH 2.0 (curve 2) relative to that of 3.3 mM TCA. 
Henceforth, it is referred as the TCA-induced state. 
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Fig. 3. CD spectra of the TCA-induced state of Cyt c m tlie presence of PEG. Far-UV CD 
spectra (a) and near-UV CD spectra(b) of Cyt c in the presence of 3.3 iiiM TCA (curve 1) and 
at the respective tnaximum concentration of polyols, i.e 70% PEG-200(curve 2) and 70% 
PEG-400 (curve 3); curve 4 represents native protein. Protein concentration was 26 (a) and 
50 jiM (b) and pathlength was 0.1 (a) and 1 cm (b). 
Effect of polyethylene glycols on the TCA-induced state of Cyt c. 
CD measurements 
Addition of PEG-200 and -400 to TCA-induced state of Cyt c up 
to 70% (v/v) led to an increase in helical content as evidenced by more 
negative MRE values at 208 and 222 nm. Figure 3a shows the far-UV 
CD spectra of TCA-induced state of Cyt c and of native Cyt c and at the 
maximum concentrations of PEG-200 and -400. Curve 1 of Fig. 3a 
represents the far UV CD spectra of Cyt c in the presence of 3.3 mM 
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TCA. The spectrum of maximum concentration of PEG-200 (curve 2) 
and PEG-400 (curve 3), i.e. 70% (v/v), shows the negative increase in 
MRE. The CD spectra in the presence of 70% PEG-400 (curve 3) 
approaches to native (curve 4). The helical content calculated from the 
MRE value at 222 nm by the method of Chen et al. [22] for the native 
state at pH 7.0, and the TCA-induced state in the presence of 70% PEG-
400 was 26 and 28%, respectively. This is suggestive of an increase in 
secondary structural content (stabilization of a-helices). 
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Table 1 
Midpoint of transition Cm, MRE222 and helicity of the 
TCA-induced state of Cyt c under the influence of 
polyols, alcohols and salts 
Subject 
Native Cyt c 
Polyols 
PEG-200 (70% v/v) 
PEG-400 (70% v/v) 
Alcohols 
Methanol (14 M) 
Ethanol (12 M) 
Propanol (11 M) 
Butanol (9 M) 
Salts 
K3[Fe(CN)6](l mM) 
K2SO4 (10 mM) 
KCIO4 (20 mM) 
KCl (120 mM) 
TCA (3.3 mM) 
Cm value 
n.d.* 
%(v/v) 
23 
21 
(M) 
10.6 
5.2 
4.8 
4.0 
(mM) 
0.6 
4 
9 
35 
n.d.* 
Maximum MRE222, 
deg.cmMmol-i 
-10.000 
-7.141 
-9.112 
-6.000 
-6.201 
-7.025 
-7.410 
-7.111 
-6.950 
-6.312 
-6.113 
-5.142 
% r\-helix" 
26 
16 
22.4 
12.1 
12.7 
15.5 
17 
15.7 
15.2 
13.12 
12.5 
9.25 
*n.d., not determined 
•"Calculated by the method of Chen et al.[21] 
***Cm is defined as the midpoint of transition in which half of the structure is induced in the presence of 
salts, polyols and alcohols individually. 
A summary of the respective maximum MREs at 222 nm in the 
presence of different concentrations of PEG-200 and -400, their Cm (the 
concentration of alcohol at which half of the structure is induced) values 
are given in Table 1. Figure 3b shows the near-UV CD spectra of TCA-
induced state of Cyt c (curve I) in the presence of 70% PEG-200 
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(curve 2) and PEG-400 (curve 3) and native (curve 4). The loss of signal 
in the near-UV CD region reveals the loss of tertiary contacts. Thus, an 
intermediate state in the presence of polyols is obtained at 70% (v/v). 
The PEG-200- and PEG-400-induced transition of TCA-induced state of 
Cyt c as observed in this study can be explained on the basis of 
enhanced hydrophobic interactions by addition of polyols, which are 
known to stabilize the helical structure of proteins. Such types of 
transitions have also been reported earlier for a number of proteins [10, 
23, 24]. Formation of secondary structure in TCA induced state of Cyt c 
in the presence of polyols can be attributed to the greater number of OH 
groups as PEG-400 was found to be more effective than PEG-200. The 
effect of polyols increases with increasing concentration and number of 
OH groups [25]. 
Intrinsic tryptophan fluorescence 
The' intrinsic fluorescence wavelength maxima (Xmax) is an 
excellent parameter to monitor the polarity of tryptophan environment 
in the protein and is sensitive to the protein conformation [26]. Intrinsic 
fluorescence studies were performed to see the effect of PEGs on the 
conformation of the TCA-induced state of Cyt c. The absorption of PEG 
in the wavelength range used was duly taken into consideration. On 
addition of PEGs up to 70% to the TCA-induced state, enhancement in 
fluorescence intensity with a blue shift was observed (figure not shown 
for clarity). On addition of PEGs to the TCA-induced state, the 
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tryptophan remains more exposed to the environment than it does in 
the native protein. Thus, as the concentration of PEGs is increased, the 
partially exposed tryptophan residue faces more and more nonpolar 
environment, explaining the blue shift and enhancement in tryptophan 
fluorescence. The increase was greater in PEG-400 than in PEG-200. This 
is possibly due to the presence of more hydroxyl groups in PEG-400 
than PEG-200. An intermediate state in the presence of 70% PEGs on the 
TCA-induced state of Cyt c is obtained. A summary of tryptophan 
fluorescence intensity and emission maxima of native Cyt c, TCA 
induced state of Cyt c, and in the presence of PEGs is given in Table 2. 
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Table-2 
Fluorescence properties of the TCA-induced state of Cyt c under 
the influence of polyols, alcohols and salts 
Conditions 
TCA(3.3mM) 
Native 
PEG-400(70%v/v) 
PEG-200 (70% v / v ) 
Butanol (9 M) 
Propanol (11M) 
Ethanol (12 M) 
Methanol (14 M) 
K3[Fe (CN)6] (1 mM) 
K2S04(10mM) 
KClO4(20mM) 
KCI(120mM) 
Intrinsic fluorescence 
Intensity 
52 
15 
87 
64 
136 
100 
82 
64 
24 
28 
32 
38 
Emission 
Maxima 
345 
335 
337 
339 
340 
340 
342 
342 
339 
339 
340 
342 
ANS fli 
Intensity 
40 
09 
124 
62 
143 
119 
107 
87 
59 
54 
51 
46 
norescence 
Emission 
Maxima 
480 
510 
480 
480 
480 
480 
490 
490 
480 
490 
490 
490 
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ANS fluorescence 
Binding of ANS to hydrophobic regions of proteins has been 
widely used to study the folding intermediates formed during protein 
folding [27-30]. It should be noted that organic solvents change the 
properties of the environment; therefore, to avoid anomaly, a proper 
blank was made for every point. Table 2 summarizes the ANS 
fluorescence intensity and emission maxima of the TCA-induced state 
of Cyt c, in 70% PEG-200, 70% PEG-400, and the native protein. 
The intermediate state induced by polyols was further confirmed by 
extrinsic fluorescence studies (ANS binding). ANS fluorescence studies 
showed that 70% PEGs have the maximum ANS binding. Binding was 
maximum in PEG-400 followed by PEG-200 and in TCA-induced state 
of Cyt c. Negligible binding was observed at pH 7.0. Hence, it can be 
concluded that at 70% PEG the TCA-induced state of Cyt c exists as the 
molten globule state. 
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Fig. 4. Effect of salts on the TCA-induced state ofCyt c. Far-UV CD spectra (n) and iienr-UV 
CD spectra (b) of Cyt c in the presence of 3.3niM TCA (ciiri'e J) and at the rcspectwc 
maximum concentration of salts, i.e., 1 niM Ki[Fe(CN)6] (curve 5), W iiiM K2SO4 (ciircc 4), 
20mM KCIO4 (curve 3), 120mM KCl (curve 2), and native protein (curve 6). Proteui 
concentration was 26 }iM (a) and 50 \iM (b) and path length was 0.1 (a) and 1 cm (b). 
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Effect of salts on the TCA-induced state of Cyt c 
Effect of salts as studied by CD spectroscopy 
Figure 4a shows the far-UV CD spectra of the native protein and 
of the TCA-induced state of Cyt c in the presence of the respective 
maximum concentration of various salts. As can be seen from the figure, 
1 mM K3[Fe(CN)6] (curve 5) shows the major changes in the spectra of 
the TCA- induced state of Cyt c (curve 1) followed by 10 mM K2SO4 
(curve 4), 20 mM KCIO4 (curve 3), and 120 mM KCl (curve 2). 
A summary of the respective maximum MREs in the presence of salts, 
their Cm values, and percent a- helix is given in Table 1. The Cm value 
calculated for K3[Fe(CN)6] was 0.6 mM, while for KCl it was 35 mM. 
At higher concentration of salts a compact secondary structure is 
formed. This state possesses substantial amount of secondary structure 
that is comparable to that of native protein (curve 6) and can be termed 
as molten globule. Figure 4b shows the near-UV CD spectra of native 
Cyt c (curve 6), the TCA-induced state of Cyt c (curve 7), and TCA-
induced state of Cyt c in the presence of the respective raaximum 
concentration of salts. As can be seen from the figure, the signal in the 
near-UV CD spectra in the presence of salts approaches the native state 
as compared to the TCA-induced and PEG-induced states (Fig. 3b). 
The maximum structural changes were induced by K3[Fe(CN)6] (curve 
5) at lower concentration, as compared to K2SO4 (curve 4), KCIO4 (curve 
3), and KCl (curve 2). The effectiveness of anions in bringing about 
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TCA-induced to molten globule transition in protein has been found to 
be consistent with the electronegativity series, representing the order of 
affinity of positively charged quaternary ammonium ions for exchange 
resin for anions which is as follows: 
[Fe(CN)6]^ > SO42- >CCl3COO- > SCN- > QOr > I- > N a - > CF3COO- >Br > Q . 
Anions of their respective salts shield the electrostatic repulsion 
which is the cause of protein unfolding at low pH, by directly binding 
to the positive charges present on the protein at low pH, resulting in the 
manifestation of hydrophobic interactions, favoring folding of the 
unfolded protein. As the concentration of salt is increased, it acts as 
source of anions resulting in screening of the repulsive effect between 
positively charged groups present on protein, thus overcoming charge-
charge repulsion, causing a collapse to the molten globule state. This 
mechanism can be interpreted as: 
N <-^  U •<->salt-induced transitions 
where N indicates the native state; U indicates the TCA-induced state, 
and salt-induced intermediate state, which can be characterized as 
partially refolded with the retention of secondary and partial tertiary 
structure. 
Tryptophan fluorescence 
Varying concentrations of salts, i.e., KCl, KCIO4, K2SO4 and 
K3[Fe(CN)6], were taken to determine the effect of their anions on the 
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TCA- induced state of Cyt c. The required concentration of salts in 
bringing about the structural changes varied greatly among the salts. 
A quenched fluorescence intensity in all the salts studied was obtained; 
quenching was maximum in case of K3[Fe(CN)6] followed by K2SO4, 
KCIO4 and KCl (see Table 2). Since the tryptophan fluorescence in 
native Cyt c is initially found to be quenched, addition of salts to the 
TCA-induced state of Cyt c (enhanced fluorescence intensity) leading to 
quenching of tryptophan fluorescence, is suggestive of refolding. This 
agrees well with the near-UV CD data. 
ANS fluorescence 
Changes in ANS fluorescence are frequently used to detect non-
native, intermediate conformations of globular proteins [30]. On 
increasing the concentration of salts, the ANS fluorescence intensity 
increases for all salts, suggesting conformational changes in the TCA-
induced state of Cyt c leading to the exposure of hydrophobic regions of 
the protein molecule as well as increase in hydrophobic interactions. 
Among the salts studied, K3[Fe(CN)6] was most effective in inducing 
the transition. The effectiveness of various salts follows the order 
(see Table 2): 
K3[Fe(CN)6] > KCIO4 > K2SO4 >KC1 
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The order was consistent with the order of salts in inducing the 
structural changes as studied by CD measurements (see Fig. 4 and 
Table 1). 
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Fig. 5. Effect of alcohols on the TCA-mduced state ofCyt c. Far UV CD spectra (a) and near-
UV CD spectra (b) of Cyt c in the presence of 3.3 niM TCA (curve 1) and at the respective 
maximum concentration of alcohols, i.e., 14 M methanol (curve 2), 12 M ethanol (curve 3), 
11 M propanol (curve 4), 9 M butanol (curve 5), and native protein (curve 6). Protein 
concentration was 26 (a) and 50 JAM (b) and path length was 0.1 (a) and 1 cm (b). 
33 
Effect of alcohols on TCA-induced state of Cyt c 
CD measurements 
Figure 5 indicates the observed changes in far-UV CD and near-
UV CD regions on the TCA- induced state of Cyt c in the presence of 
various alcohols at their maxinium respective concentration, i.e., 
methanol (14 M; curve 2), ethanol (12 M; curve 3), propanol (11 M; 
curve 4), and butanol (9 M; curve 5). As can be seen from Fig. 5a, there 
was induction of secondary structure on the addition of alcohols on the 
TCA-induced state. Butanol induced maximum changes in the CD 
spectrum (curve 5). The midpoint of transition (Cm) calculated for 
methanol was 10.7 M, which was much higher compared to that of 
butanol (3.5 M). This shows that butanol (curve 5) was much more 
effective than methanol (curve 2) in inducing secondary structure. 
A summary of the respective maximum MREs in the presence of 
alcohols, their Cm values, and percent a-helix is given in Table 1. The 
maximum structural changes in the near-UV CD regions (Fig. 5b) are 
attained in the presence of butanol (curve 5) followed by propanol 
(curve 4), ethanol (curve 3), and methanol (curve 2). This indicates that 
hydrophobic interactions between the side chains of amino acids are 
increasing and hence resulting in compact state. The maximum 
ellipticity induced by various alcohols was found to be different 
depending on the alkyl group. Butanol possesses a nonpolar alkyl 
group that strengthens intramolecular hydrogen bonds because of its 
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ability to decrease the dielectric constant of the solvent. Further increase 
in the alcohol concentration beyond that at which maximum ellipticity 
was observed lead to protein precipitation. 
Tryptophan fluorescence 
There was an increase in fluorescence intensity with increase in 
the concentration of respective alcohols. Since the polarity of the 
medium decreases with increase in alcohol concentration, the dielectric 
constant is lower than that of the TCA environment. Hence, the 
nonpolar solvent induces conformational alterations in the TCA-
modified Cyt c resulting in the increase in fluorescence intensity 
(see Table 2). 
ANS fluorescence 
It should be noted that organic solvents change the properties of the 
environment; therefore, to avoid anomaly, a proper blank was made for 
every point. On increasing the alcohol concentration the ANS 
fluorescence intensity increases for all alcohols, suggesting 
conformational changes in the TCA-induced state of Cyt c leading to the 
exposure of hydrophobic regions on the protein molecule as well as 
increase in hydrophobic interactions. All the alcohols induced a 
transition from the TCA-induced to the alcohol-induced state 
characterized by high ANS binding. Among all the alcohols studied, 
butanol was found to be most effective in inducing the transition. The 
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TCA- induced state of Cyt c in the presence of butanol opened more 
hydrophobic regions as compared to native and the TCA-induced state 
of the protein, making them available for ANS binding. This suggests 
that Cyt c attains molten globule-like conformation in the presence of 
TCA and butanol (see Table 2). Thus the effectiveness of alcohols in 
inducing the above transition may be said to follow the following trend: 
butanol > propanol > ethanol > methanol 
The order was consistent with the order of alcohols in inducing 
the transition studied by CD measurements (see Fig. 5 and Table 1). 
Gdn HCl STABILITY STUDIES 
To check the structural properties of the above obtained partially 
folded state, GdnHCl denaturation studies of Cyt c were performed. 
The fraction of protein denatured (fo) in the presence of various 
cosolvents with increase in GdnHCl denaturation was calculated. The fo 
of Cyt c in the presence of different cosolvents was calculated taking 
Cyt c individually in the presence of cosolvents at 0 M GdnHCl as the 
native point. Salts had a more stabilizing effect on the protein aS the 
calculated Cm was 3 M GdnHCl concentration as compared to polyols 
(Cm 2.7 M) and alcohols, where Cm 2.2 M was obtained. In the presence 
of the above-mentioned co-solvents, all the transitions were single-step, 
two-state, and weakly cooperative. The weakly cooperative unfolding 
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was indicative of partially folded-like nature. The fractional 
denaturation was least in salts followed by polyols and alcohols. 
DISCUSSION 
Our far-UV CD data show the retention of secondary structure 
for the TCA-induced state of Cyt c in the presence of alcohols, polyols, 
and salts. In salts and alcohols, there was a regain of signal in the near-
UV CD region, and some side chains were inferred to be constrained by 
inter-helix interactions with partial regain of tertiary structure. In the 
presence of polyols, there was induction in secondary structure 
compared to the TCA-induced state, with the loss of tertiary structure. 
For PEGs more secondary structure was retained in PEG-400 than in 
PEG-200. This can be attributed to the greater number of OH groups as 
the effect of polyols increases with increasing concentration and 
number of OH groups [25]. Fluorescence data showed increased 
tryptophan fluorescence intensity in case of alcohols and polyols while 
quenched spectra were obtained in the case of salts. There was also 
strong ANS binding in alcohols and polyols as well as in the presence of 
salts as the hydrophobic residues get exposed in this partially folded 
intermediate. This suggests that all the three co-solvents lead to the 
formation of molten globule states of Cyt c with different characteristics. 
The intermediate obtained with Trifluoroacetic acid-unfolded Cyt c in 
the presence of salts and alcohols is different from that obtained on the 
TCA-induced state of Cyt c [31]. Unlike the effect of salts and alcohols 
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on the Trifluoroacetic acid-unfolded state, the TCA-induced state of Cyt 
c showed retention of non-native-like spectral features in the near UV 
CD spectra in the presence of salts and alcohols. A summary of 
comparison of the respective maximum concentration of most effective 
salt and alcohol on TFA-unfolded and TCA-induced state is given in 
Table 3. 
Table -3 
Comparison of different spectral properties of the 
Trifluoroacetic acid-induced and TCA-induced states of Cyt c in 
the presence of butanol and K3[Fe {CN)6] 
Variable 
MRE at 222 nm 
MRE at 262 nm 
Intrinsic 
fluorescence 
intensity 
/- max 
ANS fluorescence at 
480 nm 
TCA-
induced 
butanol 
state 
-7.410 
207 
136 
340 
143 
TCA-induced 
K3[Fe (CN)6] 
state 
-7.771 
249 
24 
339 
59 
Trifluoroacetic 
acid-induced 
botanol state 
-9.120 
-
142 
342 
132 
Trifluoroacetic 
acid-induced 
K3[Fe {CN)6] 
state 
-7.111 
-
17 
334 
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In the present study, Cyt c in the presence of TCA showed 
retention of secondary structure and more ANS binding than that at pH 
2.0. In the presence of polyols, there was regain in secondary structure 
but loss of signal in the near-UV CD spectra. This implies that the 
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presence of polyols results an increase in hydrogen bonding and 
hydrophobic interactions, leading to a compact state. Addition of 
alcohols leads to increase in MRE value at 208 and 222 nm, with the 
restoration of partial tertiary structure. In the case of salts, there was 
induction of secondary as well as tertiary structure with high ANS 
binding. 
Thus, in presence of salts and alcohols, there was increase in 
hydrogen bonding and hydrophobic as well as inter-helix interactions. 
And in the presence of polyols a molten globule exists with secondary 
structure and high ANS binding. In the case of salts and alcohols, a state 
is obtained with secondary and tertiary structure as well as high ANS 
binding. This state can be characterized as a molten globule state. 
"Molten globule" (MG) is a partially structured protein folding 
intermediate that adopts a native-like overall backbone topology in the 
absence of extensive detectable tertiary interactions. Retention of 
tertiary structure was reported earlier for a-lactalbumin [32], RNase H 
[33], myoglobin [34], and ubiquitin [35]. 
Comparison of the intermediate states obtained to those 
reported in earlier work 
Goto and collaborators [8,9] have earlier reported the A-state 
induced by HCl with a Soret absorption maximum at 397 nm; the A-
state induced by KCl with a maximum at 400 nm, and the UA- state 
(acid unfolded) with a maximum at 394 nm as compared to native 
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(412 nm). The transitions measured by the absorption change at 394 nm 
were consistent with the transitions measured by CD at 222 nm. 
However, in this work the sah-induced state has a Soret absorption 
maximum at 404 nm but with almost the same extent of a- helix 
induction at 222 nm (16% for salt-induced state as compared to 31% for 
HCl induced A-state). The Cm value of KCl was found to be 35 against 
48 mM as reported earlier [8, 9]. The native tertiary structure for A-state 
has also been reported [36-38]. In our studies, this is due to less loss in 
the secondary structure of TCA-unfolded Cyt c as compared to pH 2.0 
and hence easily attainable secondary structure at low concentration of 
KCl. Altogether, it can be concluded that the salt-induced state obtained 
in the presence of anions is different from the A-state as reported 
earlier. 
40 
References: 
1. Fink AL, Calciano CL, Goto Y, Kurotsu, T, Palleros DR (1994) 
Biochemistry 33,12504. 
2. Davis Searles PR, Morar AS, Saunderes A J, Eri DA, Pielak GJ 
(1998) Biodwmistnj 37,17048. 
3. Gekko K, Timasheff SN (1981) Biochemistry 20, 4667. 
4. Freeman, W. H. (1992) in Protein Folding (Ptitsyn OB, Creighton T 
E, eds.) N. Y., p. 243. 
5. Denisov VP, Jonsson BH, Halle B (1999) Nat. Struct. Biol. 6, 253. 
6. Bai P, Song J, Luo L, Teng ZY (2001) Prot. Sci. 10, 55. 
7. Arai M, Kuwajima K (2000) Adv. Prot. Chem., 53,209. 
8. Goto Y, Takahashi N, Fink AL (1990) Biochemistry 29, 3480. 
9. Goto Y, Calciano LJ, Fink AL (1990) Proc. Natl. Acad. Sci. 87, 573. 
10. Santucci R, Polizio F, Desideri A (1999) Biochimie 81, 745. 
11. Santucci R, Bongiovanni C, Mei G, Ferri TP, Polizio F, Desideri A 
(2000) Biochemistry 39,12632. 
12. Marmorino JL, Lehti M, Pielak GJ (1998) /.Mo/. Biol. 275, 379. 
13. Jeng MF, Englander SW, Elove GA, Wand AJ, Roder H (1990) 
Biochemistry 29,10433. 
14. Goto Y, Nishikiori S (1991) /. Mol. Biol. 222, 679. 
15. Jordan T, Eads JC, Spiro TG (1995) Prot. Sci. 4, 716. 
16. Chen E, Van Vranken V, Kliger DS. (2008) Biochemistry Apr.l7 
(Epub ahead of print) 
17. Sediak F (2007) Biopolymers Jun. 5; 86(2):119. 
18. Sinibaldi F, Piro MC, Coletta M and Santucci R (2006) FEBS ]. 
273(23) :5347 
19. Moza B, Qureshi SH, Islam A, Singh R, Anjum F, Moosavi-
Movahedi AA, Ahmad A Biochemistry (2006); 45, 4695. 
20. Dong A and Lam T(2005) Arch Biochem Biophys Aprl; 436(1):154 
21. Cooper D, Doran C (1987) Classical Methods, Vol. 1, John Willey and 
Sons, Chichester, p. 203 
22. Chen YH, Yang JT, Martinez HM (1972) Biochemistry 11, 4120. 
23. Tokuriki N, Kinjo M, Negi S, Hoshino M, Goto Y, Urabe 1, Yomo T 
(2004) Prot. Sci. 13,125. 
41 
24. Naeem A, Khan KA, Khan RH (2004) Arch.Biochem. Biophys. 432, 79. 
25. Kamiyama T, Sadahide Y, Nogusa Y, Gekko K (1999) Biochim. 
Biophys. Acta 1434, 44. 
26. Stryer L (1968) Science 162, 526. 
27. Ray SS, Singh SK, Balaram P (2001) /. Am. Soc .Mass-spectrometry 12, 
428. 
28. MatuHs D, Baumann CG, Bloomfield UA, Lovrien RE (1999) 
Biopolymers49,A51. 
29. Matulis D, Lovrien R (1998) Biophys.]. 74, 422. 
30. Seniisotnov GV, Rodionova NA, Razgulyaev OI, Uversky VN, 
Gripas AF, Gilmanshin RI (1991) Biopolymers 31,119. 
31. Kuwajima K (1989) Proteins 6, 87. 
32. Kataoka M, Hagihara YK, Mihara K, Goto, Y (1993) /. Mol. BwL, 
229, 591. 
33. Wu LC, Kim PS (1998) /. Mol. Biol, 280,175. 
34. Khorasanizadeh S, Peters ID, Roder H (1996) Nat. Struct. Bwl. 3, 
193. 
35. Raschke M,Marqusee S (1997) Nat. Struct. Biol. 4, 298. 
36. Kay MS, Baldwin RL(1996) Nat. Struct. Biol. 3,439. 
37. Marmorino JL, Lehti M, Pielak GJ (1998) J.Mol. Biol. 275, 379. 
38. Marmorino JL, Pielak GJ(1995) Biodiemistry 34, 3140. 
42 
ISSN 0006-2979, Biuchemislry (Moscow). 2006. Vol. 71, No. 10, pp. IWI-II09 K Pleiades Piiblishiii,<(, Inc., 2006 
Published in Russian in Biokhimiya. 2006, Vol. 71. No. 10. pp. 1360-1370 
Originally published in Biochemistry (Moscow) On-Line Papers in Press, as Manuscript BM05-277, July 2. 2006. 
Comparative Study of Effects of Polyols, Salts, and Alcohols 
on Trichloroacetic Acid-Induced State of Cytochrome c 
Aabgeena Naeem, Mohd. Tashfeen Ashraf, Mohd. Akram, and Rizwan Hasan Khan* 
Interdisciplinary Biotechnology Unit, Aligarh Muslim University, AUgarh-202002, India; 
fax: (91-571) 272-1776; E-mail: rizyianhkhan@hotmail.com; rizwanhkhan l@yahoo.com 
Received January 23, 2006 
Revision received April 18, 2006 
Abstract—A systematic investigation of the effect of polyethylene glycols, salts, and alcohols on the trichloroacetic acid 
(TCA)-induced state of ferricytochrome c was made using various spectroscopic techniques. Native cytochrome c (Cyt c) 
has a fluorescence maximum at 335 nm, whereas the TCA-induced state of Cyt c has a red shift of 7 nm with enhanced flu-
orescence intensity. The near- and far-UV CD spectra showed a significant loss of tertiary and secondary structure, although 
the protein is relatively less unfolded as compared with a conformation at pH 2.0. Addition of 70% (v/v) polyols to TCA 
(3.3 mM)-induced state of Cyt c resulted in increased l-anilino-8-naphthalene sulfonate binding and increased mean 
residue ellipticity at 222 nm, indicating increase in compactness with enhanced exposure of hydrophobic surface area. Also, 
the stabilizing effect of salts and alcohols on the TCA-induced state was studied and compared with their effect on trifluo-
roacetic acid-unfolded state of Cyt c. Among all the polyols, salts, and alcohols studied, PEG-400, KjlFe(CN)„|, and 
butanol were the most efficient in inducing secondary structure in TCA-induced state as examined by the above-mentioned 
spectroscopic techniques. For salts, the efficiency in inducing the secondary structure followed the order K,|Fe(CN)(,| > 
KCIO4 > K2SO4 > KCI. For alcohols, this order was found to be as follows: butanol > propanol > ethanol > methanol. 
DOI: 10.1134/S0006297906100075 
Key words: alcohol-induced state, anion-induced state, cytochrome c, circular dichroism, fluorescence, polyethylene glycol 
Cytochrome c (Cyt c) is a small globular protein (104 
amino acid residues, 12.7 kD) carrying a large component 
of basic residues. It has been widely used as a protein-
folding model for kinetic as well as equilibrium studies. 
Fink et al. have classified Cyt c as type I protein based on 
its acid unfolding behavior [1-7]. At pH 2.2, ferricy-
tochrome c is substantially unfolded at low ionic strength; 
upon addition of salts, the protein cooperatively folds to a 
compact structure, the A-state, which is stabilized by 
binding of anions to the positively charged groups on the 
protein surface [8, 9). The A-state possesses a-helix 
structure comparable to that of the native state, but a fluc-
tuating tertiary conformation [10, 11]. In particular, the 
hydrophobic core (containing the two major helices) and 
the heme group (stabilized by non-bonded interactions) 
are preserved in the A-state, while the loop regions are 
fluctuating and partly disordered. Of the two native axial 
ligands of the heme iron, only Hisl8 is thought to remain 
coordinated to the heme iron in the A-state, while the 
MetSO axial bond is lost [12-14]. Goto and collaborators 
* To whom correspondence should be addressed. 
[14] have shown that the charge density of the anions is 
the main determinant that stabilizes the A-state; the 
higher the charge, the lower the ion concentration need-
ed to induce formation of the molten globule. Santucci et 
al. [15] have suggested that small anions induce formation 
of a compact, highly structured state, in which the native 
Met80-Fe(III) axial bond is recovered and the native-
like redox properties are restored. 
In native horse heart Cyt c, bonds between the heme 
and four amino acids (Cysl4, Cysl7, Hisl8, and MetSO) 
anchor the heme and, together with an extensive array of 
noncovalent side-chain contacts, these bonds help to 
make the internal structure relatively rigid around the 
heme. The residues that are in van der Waals contact with 
heme are bulky hydrophobic groups that stabilize the 
structure and control the redox potential [16-21]. 
In earlier communications, we reported the effects of 
salts and alcohols on a-chymotrypsinogen. and the exis-
tence of molten globule states at low pH in bromelain and 
concanavalin A [22-25|. Effects of SDS and butanol at 
different pH values as well as effects of salts and alcohols 
on trifluoroacetic acid (TFA)-treated Cyt c have been 
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Chapter - 3 
Effect of Metal Ions and EGTA on the 
Optical Properties of Concanavalin A 
at Alkaline pH 
INTRODUCTION 
Central to the enigma behind protein folding studies is the 
understanding of post-translational events that generate globular 
structure and biological events. Such attempts have primarily focused 
on the characterization of the partially folded (or molten globule) states 
of a protein which appear to be crucial on-pathway stages towards the 
attainment of physiologically active structures. In recent years, there 
has been growing recognition of the importance of the compact 
denatured states of proteins. Characterization of these structures and 
the factors involved in their stability would provide important insights 
into the interactions responsible for their formation as well as their role 
in protein folding [1]. The development of broad range of techniques 
has led to the identification and characterization of stable intermediates 
in several proteins [2-5] 
Many of the studies undertaken to understand the mechanism of 
protein folding and stabilization have been confined to monomeric 
proteins. Only recently, multi-subunit proteins have gathered the 
attention of protein chemists as a potential candidate for folding 
studies. Most proteins have been shown to approximate a two-state 
folding mechanism at equilibrium with significant concentrations of 
only the completely native and unfolded states present. In some cases, 
the denaturation equilibrium of the multimeric protein in the presence 
of a denaturant like urea or Gdn HCl have been found to display a 
43 
three-state mechanism involving a structured intermediate states 
between native and unfolded states [6]. 
In contrast to monomeric proteins, multimeric proteins are 
stabilized by both the intra-and inter-subunit interactions, involving 
both covalent and non-covalent linkages. Studies on multimeric 
proteins can provide important insights into the relative contributions 
of the various forces that are critical for the stabilization of the 
oligomeric structure of proteins. The enhancement of stability in a 
multisubunit protein in an ordered state, when compared with their 
respective monomeric forms, may arise at least in part, due to the 
energetic tendency to exclude water molecules from hydrophobic 
intermolecular surfaces for achieving the complementarity of the 
subunit interfaces [7] 
Various recent studies on concanavalin A, carried in the presence 
of different co-solvents and either neutral or acidic pH medium, have 
reported about the existence of different MG states which, in some 
cases, retain the carbohydrate specificity [8-12]. We undertook a 
comparative study to evaluate the transitions involved in Con A under 
various experimental conditions and the effect of such transitions on its 
binding to the Sephadex G-50 as well as its behavior under various 
relatively denaturing conditions. Also the pH dependence of the 
intrinsic as well as extrinsic protein fluorescence was correlated with 
the pH-dependent conformational changes in which Con A is supposed 
to participate. The latter study was carried out from pH 7.0 to 12.0 as 
beyond this pH one of the preparations showed precipitation. 
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MATERIALS AND METHODS 
Native Con A was purified from jack beans by affinity 
chromatography on a Sephadex G-50 column [13] and the purity was 
checked by SDS-PAGE electrophoresis. l-anilino-S-naphthalene sulfonic 
acid and urea were purchased from Sigma-Aldrich (USA). For 
equilibrium unfolding studies, 6M Gdn HCl solution was taken as the 
stock. Other reagents used were of analytical grade. 
Spectrophotometric Measurements 
Protein concentration was determined using a Hitachi U-1500 
spectrophotometer and an extinction coefficient e[j_^=13.7 [14]. The 
relative molecular mass (Mr) of the protein was taken as 102,000. A stock 
solution of ANS was prepared in distilled water and concentration 
-1 -1 determined using an extinction coefficient of 8^ = 5000 M cm at 350 
nm. The molar ratio of protein to ANS was 1:50. 
Affinity Chromatography 
To study the effect of structural changes associated with the 
change in pH from 7 to 8 on the binding of Con A to Sephadex G-50, 
Con A in lOmM Tris HCl pH 7 buffer was dialysed against lOmM Tris 
HCl pH 8 and reloaded on the column. The unbound fraction was 
collected and dialysed against buffer, while the bound protein was 
eluted by 0.25 M glucose and dialysed against the buffer subsequently. 
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Fluorescence Measurements 
Fluorescence measurements were carried out with a Shimadzu 
Spectrofluorometer (model RF-540) equipped with a data recorder 
DR-3. For intrinsic tryptophan fluorescence, the excitation wavelength 
was set at 280 nm and emission spectra recorded in the range of 300-400 
nm. Binding of ANS to acid unfolded con A. was studied by 
excitation at 380 nm, emission range being 400-600 nm. Protein 
concentration used was 0.05 mg/ml. 
pH-induced Transitions Over Alkaline Range 
The pH dependence of the intrinsic as well as extrinsic protein 
fluorescence is correlated with the pH-dependent conformational 
changes in which Con A is supposed to participate in the absence and 
presence of metal ions (lOmM Ca2+ and lOmM Mg2+) and in the 
presence of EGTA. Similar to the equilibrium unfolding study, here 
too, three different preparations were made in the absence and presence 
of metal ions and in the presence of EGTA. Protein fluorescence 
measurements were taken after 6h incubation at room temperature. 
This study was carried out from pH 7.0 to 12.0 as beyond this pH one of 
the preparations showed precipitation. 
CD Measurements 
CD measurements were recorded with a Jasco spectrophotometer, 
model J-810, equipped with a microcomputer precalibrated with D-10-
camphosulfonic acid. All the measurements were carried out at 25°C and 
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each spectrum was recorded as an average of two scans. The near-UV 
spectra were recorded in the wavelength region of 250-300 nm in a 
10 mm pathlength cuvette. The far-UV spectra were recorded in the 
wavelength region of 200-250 nm in a 1 mm pathlength cuvette. 
The protein concentration was 0.4 mg/ml for both near and far-UV CD 
studies. Results are expressed as mean residue ellipticity (MRE) values 
MRE = 6obs (mdeg) / 10 x n x Cp x 1 
where Bobs is the CD in millidegree; n is the number of amino acid 
residues; 1 is the pathlength of the cell in cms and Cp is the mole 
fraction. 
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RESULTS AND DISCUSSION 
As communicated previously in various studies that certain 
irreversible structural transitions occur in Con A even on a small 
change in pH from 7 to 8 [13] these transitions, probably, may not 
significantly affect the affinity binding of Con A to Sephadex G-50. Our 
results show considerable binding of Con A to Sephadex G-50 even at 
pH 8. Steady state fluorescence is a useful technique for studying the 
structure and dynamics of proteins [15]. Various conformational probes 
have been used for protein folding studies and the list is ever 
increasing. The intrinsic fluorescence of proteins from tryptophan 
residues is one such built-in reporter [16]. Four tryptophan residues per 
subunit of Con A confer wide range of quantum yields and emission 
maxima depending on the differences in the way the excited indole ring 
of tryptophan interacts with its microenvironment. Further fluorimetric 
examination under identical conditions, of both unbound and bound Con A 
at pH 8 revealed that the above two fractions showed appreciable 
differences in tryptophan fluorescence intensity as shown in Figure 1, 
while the ANS fluorescence spectra were found to be overlapping. 
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Wavelength (nm) 
Figure 1. Fluorescence emission spectra of Con A at pH 8.0. A) Unbound protein. B) diahjsed 
eluted protein. 
6.75 
o 
B 
T3 
B 
u 
bO o 
•o 
X 
PQ 
0 
-4.5 
-9.0 
1 
^ Nb 
v.. 
1 
— 
1-
1 
• _ ' 1 ' . - 1 1 . ' ^ ' - - ^ ' 
yy 
1 
• j t vu^ jc^ • n r ' 
1 
200 210 220 230 
Wavelength (nm) 
240 250 
Figure 2. Far-UV CD spectra of Con A at pH 7 (- -); phi 7, metallized (—); pH 7 
demetallized (unbroken line); pH 12 (-•• •-); pH 12, demetallized (- • •-) and in the presence of 
6MGdnHCl(——). 
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Figure 2 shows the far-UV CD spectra of Con A under various 
conditions at pH 7 and 12. The spectrum of Con A at pH 12 shows the 
structural transition with a CD band at 212 nm, a shift of around 11 nm 
from that of 223 nm for native Con A at pH 7 as reported earUer [17]. 
The signal at 217 nm at pH 12 was also considerably enhanced as 
compared to that at pH 7. Though the presence of metal ion / EGTA at 
pH 7 was not found to significantly affect the signal in the far-UV 
region but the presence of metal ions at pH 12 was found to aggregate 
the protein while the presence of EGTA at pH 12 showed similar 
transition as that of apoprotein at pH 12 but with enhanced signal 
intensity. 
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Table 1 
Summary of fluorescence, near- and far-UV CD data of Con A 
PH 
Con A at pH 7 
Con A at pH 12 
Metallized Con A 
a t p H 7 
Metallized Con A 
at pH 12 
Con A-EGTA at 
pH7 
Con A-EGTA at 
pH12 
(9) 217 
-19 
-28 
-19.5 
(9)290 
1.5 
1.2 
2.5 
F.I.340 
45 
44 
40 
F.I.470 
12 
56 
1 
31 
Aggregation 
-21.5 
-35 
1.5 
-0.66 
42 
35 
23 
19 
The fluorescence intensity and MRE values under various 
conditions are sununarized in Table 1. The loss of signal at 290 nm and 
the enhanced ANS binding at pH 12 shows the presence of stable 
molten globule-like intermediate state. 
On the basis of several studies performed to date, it has been 
established that metal ions have stabilising effect and are required for 
the activity of Con A. Our data support this observation. Interestingly, 
the intermediate state at alkaline pH was obtained in the absence of 
metal ions. The alkaline pH results in the formation of a stable 
intermediate state having ordered secondary structure as well as some 
tertiary contacts but which is different from the native state. 
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Effect of Metal Ions and EGTA on the Optical Properties of Concanavalin 
A at Alkaline pH 
Mohammad Tashfeen Ashraf and Rizwaii Hasan Khan* 
Interdisciplinary Biotechnology Unit, Aligarh Muslim University, Aligarh-202002, India 
Abstract: In our earlier communications, we reported the effect of salts and alcohols on a-chymotrypsinogen [ 1 ] and the 
existence of stable intermediates at low pH in bromelain [2] and glucose oxidase [3]. In the present study, the role of 
metal ions and EGTA on the conformation of concanavalin A at alkaline pH was studied by near- and far-LTV circular 
dichroism, fluorescence emission spectroscopy and binding of a hydrophobic dye, l-anilino-8-naphlhalene sulfonate 
(ANS). Far-UV CD spectra showed the transition from an ordered secondary structure al pH 7 with a trough at 223 nm to 
a relatively unordered state at pH 12. Near-UV CD spectra showed the loss of signal at 290 nm. thercb\ indicating the 
disruption of native three dimensional structure. Maximum ANS binding occurred at pH 12 suggesting the presence ot an 
intermediate or molten globule-like state at alkaline pH. 
Keywords: Concanavalin A, alkaline pH, metal ions, EGTA, molten globule. 
INTRODUCTION 
Central to the enigma behind protein folding studies is 
the understanding of post-translational events that generate 
globular structure and biological events. Such attempts have 
primarily focused on the characterization of the partially 
folded (or molten globule) states of a protein which appear to 
be crucial on-pathway stages towards the attainment of 
physiologically active structures. In recent years, there has 
been growing recognition of the importance of the compact 
denatured states of proteins. Characterization of these 
structures and the factors involved in their stability would 
provide important insights into the interactions responsible 
for their formation as well as their role in protein folding [4]. 
The development of broad range of techniques has led to the 
identification and characterization of stable intermediates in 
several proteins [5-8]. 
Many of the studies undertaken to understand the 
mechanism of protein folding and stabilization have been 
confined to monomeric proteins. Only recently, multi-
subunit proteins have gathered the attention of protein 
chemists as a potential candidate for folding studies. Most 
proteins have been shown to approximate a two-state folding 
mechanism at equilibrium with significant concentrations of 
only the completely native and unfolded states present. In 
some cases, the denaturation equilibrium of the multimeric 
protein in the presence of a denaturant like urea or Gdn HCl 
have been found to display a three-state mechanism 
involving a structured monomeric state between native and 
unfolded monomeric states [9]. 
In contrast to monomeric proteins, multimeric proteins 
are stabilized by both the intra- and inter-subunit 
interactions, involving both covalent and non-covalent 
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linkages. Studies on multimeric proteins can provide 
important insights into the relative contributions of the 
various forces that are critical for the stabilization of the 
oligomeric structure of proteins. The enhancement of 
stability in a multisubunit protein in an ordered stale, when 
compared with their respective monomeric forms. ma\ arise 
at least in part, due to the energetic tendenc) to exclude 
water molecules from hydrophobic intermolecular surfaces 
for achieving the complementarity of the subunit interfaces 
[10]. 
Legume lectins are being increasingly used as preferred 
model systems for studies of the unfolding of dimeric and 
tetrameric proteins and the effect of oligomer'zation on their 
stability and structural integrity. Despite the similarii_\ in 
their primary, secondary and terliar> structures, legume 
lectins display considerable differences in their quaternar> 
associations. Slight differences in amino acid sequences at 
the subunit interfaces or modification of certain amino acids 
manifest itself into measurable differences at quaternary 
level. 
P pleated sheet structures play prominent roles in the 
structures of many globular proteins [11]. In principle, the 
oligomerization in legume lectins involve the six-stranded 
back P-sheet of the subunit in various wa\s and consequently 
it is possible to describe their quaternary structure in terms of 
the mutual disposition of these P-sheets in the participating 
monomers. 
Concanavalin A (Con A), a widely used multimeric 
protein mainly possesses antiparallel p pleated sheets which 
are connected to each other by loops; there is only a single 
turn of the polypeptide chain resembling an a helical 
sequence [12,13]. About 64% of the residues in Con A are 
engaged in the formation of such structural motifs and it 
undergoes structural transitions in the pH range 4.5-6.5 from 
a dimeric to a tetrameric structure [14-17]. We undertook a 
comparative study to e\aluate the transitions in\oKed in Con 
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Chapter-4 
Purification and Characterization 
of l^annose/Glucose-Specific Lectin 
from Seeds of 
Trigonella foenumgraecum 
INTRODUCTION 
Lectins are proteins or glycoproteins of non-immune origin that 
agglutinate cells and precipitate complex carbohydrates or 
polysaccharides [1-3]. The recognition of carbohydrate determinants by 
lectins plays an important role in mediation of intercellular binding and 
elicitation of bio-signaling processes [4-7]. Because of their characteristic 
carbohydrate binding properties, plant lectins have been widely used 
for the detection, isolation, and characterization of glycoconjugates. 
The increasing use of lectins for various applications has pron\pted their 
purification [8-13]. Extensive study of sequence homology and 3-D 
structure of various lectins suggest that they are significantly conserved 
and thus may play an important role in the physiology of plants. 
In plants they have been implicated in pathogenesis, cell elongation, 
defense against fungal attack, and Rhizobium-legume symbiosis [10, 
14]. Thus, lectins are believed to interact with invading microorganisms 
and provide a line of defense against various bacteria and fungi. 
Investigations of Rhizobium-legume recognition have generally 
made use of seed rather than root lectin because of the relatively high 
concentrations and readily availability of lectin in most legume seeds. 
The root lectins of leguminous plants are usually sin\ilar to their seed 
counterpart except in the case of Dolichos hiflorus [5, 8,15,16]. 
Trigonella foenumgraecum is known to have symbiotic relationship 
with certain bacteria; these bacteria form nodules on the roots and fix 
53 
atmospheric nitrogen. Though T. foenumgraecum is widely used in 
traditional Indian systems of medicine as an anti-cholesterolemic, anti-
inflammatory, and diuretic agent, the lectin from this source has gained 
little attention. The present work deals with the purification of a novel 
lectin from T. foenumgraecum [Trigonella foenumgraecum agglutinin 
(TFA)] and its carbohydrate binding properties. 
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MATERIALS AND METHODS 
Mannan cross-linked (mannan-CL) agarose was purchased from 
Bangalore-Genei Pvt Ltd. (India). Sugars and proteins were purchased 
from Sigma (USA). T. foenumgraecum seeds were procured from the 
local market. >^*^'*"* ' ' JA^^ 
Determination of protein and neutral sugars ji ' L ^j , \ 
Protein was assayed by the method of Lowxy fet^^L JlTJjisi 
bovine serum albumin as standard, and carbohydrate cOTTtefrfwa 
determined by the method of Dubios et al. using glucose as a standard 
carbohydrate [18]. 
Preparation of crude extract 
T. foenumgraecum seeds were thoroughly washed with distilled 
water and soaked overnight in Tris-HCl buffer, pH 7.0, containing 0.15 
M NaCl and 1 mM each of CaCb and MgCb (TM buffer). The seeds 
were homogenized in a blender, and the homogenate was filtered 
through cheesecloth. The resulting suspension was treated with 0.3 M 
acetic acid, pH 4.0, and allowed to stand overnight at 4°C. The acid 
precipitated fat and extraneous proteins were removed by 
centrifugation. To the clear supernatant, ammonium sulfate was added 
to 30% saturation. The suspension was incubated for 4-5 h and then 
centrifuged. The supernatant was further precipitated to 50% 
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saturation. The pellet was dissolved in an appropriate amount of the 
TM buffer and dialyzed overnight against the same buffer. 
Affinity chromatography 
Ammonium sulfate precipitated lectin solution was loaded on a 
marman-CL agarose affinity column. The column was washed 
thoroughly with Tris-HCl, pH 7.0, at a flow rate of 12 ml/h, and the 
bound lectin was eluted with 50 mM mannose in the TM buffer. Protein 
content in the respective fractions was monitored by absorbance at 280 
nm. The peak fractions were dialyzed against TM buffer. The activity 
was assayed by its ability to agglutinate erythrocytes and to interact 
with goat IgM. The specificity was checked by measuring inhibition of 
hemagglutination. 
SDS-PAGE 
SDS-PAGE was carried out according to the method of Laemmli 
et al. [19] in 10% gel with electrophoresis buffer containing 0.1% SDS in 
Tris glycine buffer (pH 8.53). The purified lectin was in a sample buffer 
containing 2% SDS and 2.5% 2-mercaptoethanol, that was subsequently 
incubated in a boiling water bath for 5 min. 
Size-exclusion chromatography 
The size-exclusion chromatography experiments were performed 
on a Sepharose 6B (74 x 1.1 cm) column. The column was standardized 
with bovine serum albumin (66 kDa), ovalbumin (45 kDa), lactoglobulin 
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(35 kDa), lysozyme (14 kDa), and cytochrome c (12 kDa). The column 
was pre-equilibrated with 60 mM sodium phosphate buffer, pH 7.0. 
Two milliliters of 3 mg/ml native protein was applied to the column 
and eluted at 20 ml/h. The eluted fractions were read at 280 nm. 
Measurement of lectin activity 
The hemagglutination activity of the lectin was determined in 
microtiter plates. The ability of lectin to interact with glycoprotein and 
polysaccharides was also assayed in 10 mM Tris HCl buffer, pH 7.0, 
containing 1 mM each of CaCli and MgCb respectively. IgM was 
extracted from goat plasma by the method of Fahey and Terry [20]. For 
hemagglutination activity, equal volumes of seed extract were mixed 
separately with equal volume of 4% rabbit erythrocytes in normal 
saline. For lectin-ligand assay, an equal volume of lectin (100 ]ig/ml) 
was incubated with increasing concentration of ligand (1-20 mg) at 37°C. 
Sugar specificity was checked by precipitation inhibition assay and 
hemagglutination-inhibition assay in the presence of monosaccharides such as 
fucose, mannose, glucose, lactose, fructose, sucrose, maltose, and a methyl 
mannose. The buffers used in the pH dependence study were glycine-HCl 
(pH 2), sodium acetate (pH 3-6), sodium phosphate (pH 7-8), Tris-HCI 
(pH 9-10), and glycine-NaOH (pH 11-12). The pH was measured on an 
Elicodigital pH meter (model LI 610) with a least count of O.OlpH unit. 
The lectin (0.1 mg/ml) was pre-incubated in respective buffer solutions 
at 37°C for 30 min, and aliquots were then pipetted into tubes 
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containing glycoprotein IgM (0.6 mg). The volume of the reaction 
mixture was adjusted to 1 ml with the respective pH buffers. 
Spectroscopic studies 
Absorption spectra were recorded on a Hitachi (Japan) U-1500 
spectrophotometer in the wavelength range 240-340 nm using a protein 
concentration of 0.5 mg/ml in a 10 mm path length quartz cell. 
Fluorescence spectra were recorded with Shimadzu RF 540 
spectrofluorometer (Japan) in a 10 mm path length quartz cell. The 
excitation wavelength was 280 nm and emission wavelength range was 
300 to 400 nm. Protein concentration used was 15 pM. CD was 
measured with JASCO (Japan) J-720 spectropolarimeter calibrated with 
ammonium D-10-camphorsuIfonate. Cells of path length 0.1 and 1 cm 
were used for scanning between 250-200 and 300-250 nm, respectively. 
Protein concentration of the samples was typically 20 pM and 50 pM in 
60 mM phosphate buffer respectively, pH 7.2, for the far-UV and near-
UV CD studies. 
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RESULTS AND DISCUSSION 
Purification of lectin 
A summary of the purification of the lectin from T. foenumgmecum 
is given in table-1. 
Table -1 
Purification of T. foenumgraecum agglutinin 
Step 
Crude 
homogenate from 
25 g of seeds 
Acid 
precipitation 
Ammonium 
sulfate 
(0-30%) 
fractionation 
Ammonium 
sulfate 
(30-50%) 
fractionation 
Affinity 
Chromatography 
on mannan-CL 
agarose 
Total 
protein, mg 
1300 
500 
312 
292 
10 
Hem-
agglutination 
activity* 
40,324 
n.d 
29,615 
39,961 
3,241 
Specific 
activity 
31.2 
n.d 
95 
136 
324.1 
Yield, 
% 
100 
38.5 
24 
22 
0.77 
Purification 
degree 
1 
n.d. 
3 
4.3 
10.1 
*Hemagglutinating unit corresponds to TFA concentration of 40 ng/ml required for complete 
agglutination of the cells, 
n.d.: not determined. 
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Several affinity matrices containing terminal D-glucose residues 
including Sephadex, divinylsulfone activated glucose, or mannose-
derivatized Sepharose were assessed for their use in the isolation of the 
hemagglutinin. However, all these attempts failed. Finally, the 
hemagglutinin was found to be adsorbed to mannan-CL agarose, 
perhaps due to its strong binding to polysaccharide of mannose (spacer 
iigand). 
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fi^. 1. Isolation of crude T. foenumgraecum lectin on a mannan-CL agarose column. The 
active fraction obtained from crude TFA by (NHAJISOA fractionation was applied onto the 
mannan column (0.9 x5 cm; 5 ml bed volume). Vie column was washed with TM buffer, and 
the bound lectin desorbed by 50 mM mannose. Fractions of 0.5 ml were collected and 
monitored by the absorbance at 280 nm (1) and by hemagglutination activity (2). 
The elution profile of mannose specific lectin from T. 
foenumgraecum is illustrated in Fig.l. In a typical preparation, about 25 g 
dry weight of seeds was extracted and homogenized. After ammonium 
sulfate fractionation, the redissolved peJIet was loaded onto a mannan-
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CL agarose column. The elution profile gave a symmetrical peak that 
coincided with the peak of hemagglutination activity. Hemagglutination 
activity titer value 4 corresponded to the concentration of 40 pg/ml of TFA 
required for agglutination. The reciprocal of the highest dilutions of the 
lectin giving complete agglutination was taken as hemagglutination titer. 
One hemagglutination unit is defined as the minimum amount of TFA 
required for complete agglutination of the cells. The final purified lectin (10 
mg) amounted to 0.77% of the initial protein. 
Molecular weight of lectin 
The affinity purified lectin was subjected to electrophoresis in the 
presence of 2-mercaptoethanol. The lectin moved as a single band as 
revealed by SDS-PAGE (lane 3) as compared to crude lectin (lane 2) 
(Fig. 2). The molecular weight of T. foeniDiigraecum lectin determined by 
SDS-PAGE using six marker proteins (lane 1) is 27.4 kDa. 
Fig. 2. SDSPAGE (10%, pH 8.3) of T. foenumgraecum lectin isolated by affinity 
chromatography. Lanes: 1) marker proteins; 2) crude lectin; 3) 30 /.tg of purified lectin. 
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Size Exclusion Chromatography 
Gel filtration studies indicated that in phosphate-buffered saline 
TFA has a molecular weight of 52.7 kDa either in the presence or absence 
of 0.2 M mannose. In both cases, the lectin eluted as a single symmetrical 
peak, an indication that the TFA sample was homogeneous. Taken 
together, these observations suggest that the lectin exists as a homodimer 
with an apparent molecular weight of 52.7 kDa. 
Lectin-ligand interaction and inhibition 
The property of lectins to interact with glycoproteins was used to 
measure the amount of lectin present in the seed homogenate. 
However, to form detectable precipitate, both the lectin and the 
glycoconjugate must be multivalent as well as in an appropriate 
stoichiometric ratio. So lectin was allowed to interact with glycoproteins 
and polysaccharides. Figure 3 shows the precipitin reaction curve of 
ovalbumin, IgM, glycogen, and dextran obtained by a turbidity method 
at 350 nm using a spectrophotometer. An increase in the absorbance at 
350 nm was observed due to lectin-ligand interaction. To rule out the 
possibility of aggregation, proper blanks of TFA and glycoproteins or 
polysaccharide were taken into consideration. 
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5 10 15 20 25 
Liaand. mq 
Fig. 3. Interaction of TFA with glycoproteins. Each tube contained 0.1 mg/tnl lectin and 
varying amounts of glycoprotei^i (1-20 mg). After 48 h at 4°C, the absorbance at 350 nm loas 
monitored against respective blanks of glycoprotein and lectin. Curves: 1-4) glycogoi, 
ovalbumin, IgM, and dextran respectively. 
The turbidity developed due to interaction of TFA with the 
above-mentioned ligands was maximal in glycogen, followed by 
ovalbumin, IgM, and dextran. As ovalbumin and IgM possesses 
mannose residues on their surfaces, whereas glycogen and dextran are 
the polymers of glucose, T. foenumgraecum agglutinin showed a 
significant increase in turbidity, thus indicating its specificity towards 
mannose residues. 
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Fig. 4. Hapten inhibition of TFA/IgM interaction. Curves:l-4) mannose, n-methylmannose, 
maltose, and glucose respectively. 
The results of sugar hapten inhibition are shown in Fig. 4. Among 
the monosaccharides tested, only D-mannose and its derivatives were 
inhibitory, whereas epimers of D-galactose were non-inhibitory. 
Mannose (the C-4 epimer of glucose) showed maximum inhibition 
followed by glucose and its disaccharide maltose. The specific inhibition 
of lectin-ligand interaction further proved the lectin to be mannose-
specific. The pH dependence of lectin activity was found to follow the 
bell shaped pattern, with maximum activity at neutral pH (Fig. 5). 
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Fig. 5. Tlie pH dependence of TFA/IgM precipitation monitored by turbidity. Each tube 
contained 0.1 mg/ml lectin and 0.6 mg/ml IgM. 
Sugar specificity 
The crude homogenate obtained from seeds was assayed for its 
ability to agglutinate erythrocytes in Tris-HCl buffer, pH 7.0, containing 
1 mM each of CaCh and MgCb. The T. foenumgrnecum homogenate 
failed to show hemagglutination activity towards erythrocytes of rabbit, 
human, or mouse but was able to agglutinate trypsin-treated 
erythrocytes of human blood group A and formaldehyde-treated rat 
erythrocytes. The reciprocal of the highest dilutions of the lectins giving 
complete agglutination was taken as hemagglutination titer. The 
hemagglutination titer of the affinity purified lectin was found to be 4. 
Sugar specificity of crude extracts and purified TFA in the 
presence of various monosaccharides was assayed by inhibition of 
hemagglutination. Only the following commonly available sugars 
were taken: D glucose, sucrose, D-mannose, D-fructose, D-fucose, 
D-galactose, lactose, N-acetyl-D-muramic acid, methyl-p-D-mannopyranoside, 
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D(+)-galactosamine, and N-acetyl D-galactosamine. Mannose showed 
maximum inhibition followed by glucose, and its derivatives like maltose 
and fructose were weakly inhibitory. D-Galactose (the C-2 epimer of 
glucose), sucrose, D-fructose, N-acetyl-D-glucosamine, and N-acetyl-D-
muramic acid were all non-inhibitory. The crude lectin was inhibited by 
simple sugars, whereas varying inhibitory activities were obtained with 
purified TFA. The lectin was thus found to be glucose/mannose 
specific. These results indicate that the specificity of TFA is similar to 
that of Cajanus Cajan seed and root lectin. [8,14,15]. 
Spectral properties 
The ultraviolet absorption spectra of the native purified lectin 
showed absorption maximum at 280 nm and fluorescence emission 
spectrum at 337 nm, indicating the presence of aroniatic amino acids 
[21]. A positive band at 278-280 nm and a trough at 275 nm observed at 
neutral pH in the near-UV CD are generally due to the absorption of 
phenylalanine, tyrosine, and tryptophan residues [22]. A typical p-sheet 
protein secondary structure in far-UV CD was obtained for TFA at 
neutral pH, like in a-chymotrypsinogen. Further studies on this lectin 
involving immunological aspects would be useful in proving it as a 
valuable biological and medicinal tool. Biophysical studies involving 
mild denaturation and refolding can give information about the 
minimal structure requirement of the lectin for its carbohydrate 
binding. 
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Abstract—A lectin present In seeds of Trigonella foenumgraecum was isolated and purified by acid precipitation, salt frac-
tionation, and affinity chromatography on mannan cross-linked agarose. SDS-PAGE revealed a single band corresponding 
to a molecular weight of 27,350 daltons. The lectin agglutinated trypsin-treated rat erythrocytes. Sugar specificity ; s deter-
mined by hemagglutination inhibition assay indicated that the lectin belongs to a glucose/mannose-specific group. The 
reaction of the lectin with glycoprotein was affected by pH changes. The carbohydrate binding specificity of the lectin was 
investigated by turbidity and activity measurements. As the lectin belongs to the Leguminoceae family, the specificity of the 
lectin for glucose/mannose renders it a valuable tool for Rhizobium-\egume symbiosis. 
DOI: 10.1134/S0006297907010051 
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cific 
Lectins are proteins or glycoproteins of non-immune 
origin that agglutinate cells and precipitate complex car-
bohydrates or polysaccharides [1-3]. The recognition of 
carbohydrate determinants by lectins plays an important 
role in mediation of intercellular binding and elicitation 
of biosignaling processes [4-7], Because of their charac-
teristic carbohydrate binding properties, plant lectins 
have been widely used for the detection, isolation, and 
characterization of glycoconjugates. The increasing use of 
lectins in chemical and biological aspects has prompted 
their purification [8-13]. Extensive study of sequence 
homology and 3-D structure of various lectins suggest 
that they are significantly conserved and thus may play an 
important role in the physiology of plants. In plants they 
have been implicated in pathogenesis, cell elongation, 
defense against fungal attack, and Rhizobium—ltgumc 
symbiosis [10, 14]. Thus, lectins are believed to interact 
with invading microorganisms and provide a line of 
defense against various bacteria and fungi. 
Investigations of Rhizobium—legume recognition have 
generally made use of seed rather than root lectin because 
of the relatively high concentrations and readily availabil-
Abbreviations: mannan-CL) mannan cross-linked; TFA) 
Trigonella foenumgraecum aggi ut i n i n. 
* To whom correspondence should be addressed. 
ity of lectin in most legume seeds. The root lectins of legu-
minous plants are usually similar to their seed counterpart 
except in the case of Dolichos biflorus [5, 8, 15, 16]. 
Trigonella foenumgraecum is known to have symbiot-
ic relationship with certain bacteria; these bacteria form 
nodules on the roots and fix atmospheric nitrogen. 
Though T. foenumgraecum is widely used in traditional 
Indian systems of medicine as an anticholesterolemic, 
antiinflammatory, and diuretic agent, the lectin from this 
source has gained little attention. Searching for new 
lectins having unique carbohydrate-binding specificities 
with potential application to the isolation and character-
ization of glycoconjugates and Rhizobium-\tg\xmt sym-
biosis is one of the objectives of our laboratory. Wfe have 
also studied the minimum structure requirement ofcon-
canavalin A for carbohydrate binding and specificity 1171. 
This paper deals with the purification of a novel lectin 
from a new leguminous source, T. foenumgraecum 
{Trigonellafoenumgraecum agglutinin (TFA)), and its car-
bohydrate binding properties. 
MATERIALS AND METHODS 
Mannan cross-linked (mannan-CL) agarose was 
purchased from Bangalore-Genei Pvt Ltd. (India). 
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